INTRODUCTION
The Hedgehog (Hh) family of secreted ligands plays a critical role in a variety of developmental processes in both insects and vertebrates (reviewed in Hammerschmidt et al., 1997) . In Drosophila, the activity of the Hh signaling pathway is governed by the opposing activities of two proteins present on the surface of receiving cells. The first, a seven-pass transmembrane protein called Smoothened (Smo; Alcedo et al., 1996; van den Heuvel and Ingham, 1996) , positively transmits the Hh signal into the nucleus to activate Hh target genes, while the second, a twelve-pass transmembrane protein called Patched (Ptc; Hooper and Scott, 1989; Nakano et al., 1989) , serves a dual role as both the receptor for the Hh ligand and as a negative regulator of Smo activity (reviewed in Ingham, 1998; Kalderon, 2000) . Recent studies suggest that Ptc inhibits Hh signal transduction by facilitating the dephosphorylation and subsequent proteolytic degradation of Smo, such that in the absence of Hh signal, Smo fails to accumulate at the cell surface (Denef et al., 2000; Alcedo et al., 2000; Ingham et al., 2000) . As a result, the most downstream component of the Hh signaling pathway, the transcription factor Cubitus interruptus (Ci), is converted into a repressor form which translocates into the nucleus and actively inhibits transcription of Hh target genes (reviewed in Aza-Blanc and Kornberg, 1999) . The binding of Hh to Ptc, however, leads to the rapid internalization and degradation of Ptc and thus to a transient stabilization of Smo protein at the cell surface, resulting in the production of an activated form of Ci which translocates to the nucleus and positively regulates expression of Hh target genes.
One of the most important features of the Hh signaling pathway is that it exhibits properties of a self-regulating system (Denef et al., 2000; Alcedo et al., 2000; Ingham et al., 2000) . In particular, the stabilization of Smo at the cell surface following pathway stimulation occurs only transiently because Ptc, a potent negative regulator of Hh signaling, is also a faithfully upregulated Hh target gene (reviewed in Ingham, 1998) , setting up an efficient negative feedback loop that serves to rapidly attenuate Hh signaling in the absence of ongoing pathway stimulation. In this fashion, continuous competition between Smo and Ptc at the surface of cells serves to regulate the fine-tuned balance between activator and repressor forms of Ci and thus the transcriptional activity of Hh target genes. The faithful upregulation of Ptc expression within a broad range of tissues in Drosophila in response to Hh pathway stimulation underscores the importance of this mechanism of self-regulation for normal patterning and growth during development.
As in Drosophila, the Hh signaling pathway in vertebrates is critical for proper patterning and differentiation of a variety of tissues during development as well as for regulating cell growth in the adult. In vertebrates, however, many of the genes involved in Hh signaling have undergone evolutionary expansion, adding a new level of complexity to the vertebrate Hh pathway. For example, the single hh gene of Drosophila is represented by at least three homologs in birds and mammals, known as Sonic (Shh), Indian (Ihh), and Desert hedgehog (Dhh). Significantly, while Shh, Ihh, and Dhh all seem to share similar biological properties, each is expressed in a distinct pattern within the developing embryo, allowing these genes to carry out specific biological functions during development (reviewed in Hammerschmidt et al., 1997) . In the chick, for instance, Shh is expressed at early stages in the left side of Hensen's node and in the nascent head process, and at later stages within the notochord, the floor plate, the posterior margin of the limb bud (i.e., the Zone of Polarizing Activity or ZPA), the gut endoderm, the second branchial arch, and the feather buds of the skin (Riddle et al., 1993; Levin et al., 1995; Roberts et al., 1995) . By contrast, Ihh is expressed predominantly in the proliferating and prehypertrophic chondrocytes of the developing long bones and in the endoderm of the midgut (Bitgood and McMahon, 1995; Vortkamp et al., 1996) , while Dhh is expressed in Schwann cells and in the Sertoli cells of the testes (Bitgood and McMahon, 1995) . Thus, the expansion of the Hh gene family and the subsequent acquisition of novel cis-acting regulatory elements within the vertebrate lineage have allowed these genes to adopt diverse and specialized biological functions within the context of vertebrate development.
In addition to the expansion of the Hh gene family, it is clear that there has also been an expansion of several other components of the Hh signaling pathway during the evolution of the vertebrate lineage. In particular, the single ci gene from Drosophila is represented by at least three genes in vertebrates, termed Gli1, Gli2, and Gli3 (reviewed in Ruiz i Altaba, 1999) . Similarly, while there seems to be only a single vertebrate Smo gene, at least two Ptc genes have been isolated from several vertebrates, including zebrafish, Xenopus, mice, and humans (Carpenter et al., 1998; Motoyama et al., 1998b; Lewis et al., 1999a; Takabatake et al., 2000) . In both mouse and zebrafish, where the most extensive comparative studies have been performed to date, both Ptc genes are expressed in a variety of tissues adjacent to sources of Hh signaling (Motoyama et al., 1998a,b; Lewis et al., 1999a) , suggesting that the negative feedback properties of this system have been preserved over the course of evolution. However, despite this apparent regulatory conservation, significant differences in the expression of the two Ptc genes have also been noted in both species. For example, in the developing teeth, hair, and whiskers of the mouse, where Shh plays a critical role in mediating epithelial-mesenchymal interactions, Ptch2 is coexpressed with Shh in the epithelium while Ptch1 is expressed exclusively in the responding mesenchyme (Motoyama et al., 1998a,b) . In addition, whereas Ptch1 in mouse is strongly upregulated in cells responding to Hh signal, Ptch2 transcripts are always found at very low levels even in the presence of prolonged signaling activity (Motoyama et al., 1998a,b) . In contrast, the zebrafish Ptc2 homolog (actually named zf-Ptc1) seems to be highly expressed in all Hhresponsive tissues but is generally restricted to cells in close proximity to a source of Hh signal, whereas the Ptc1 homolog (named zf-Ptc2) is expressed more weakly but its domain of expression extends further from sources of Hh ligand (Lewis et al., 1999a) . This differential upregulation of Ptc genes in different vertebrates and in different regions of the same organism suggests that the vertebrate Ptc genes may serve distinct roles in the regulation of Hh signaling activity.
Since Hh signaling activity plays such a critical role in regulating both development and cellular homeostasis, it is important to more clearly understand the distinctive features of the vertebrate Hh signaling pathway. Toward this end, we are actively identifying chick homologs of genes known to participate within the Drosophila Hh signal . Whole-mount stages were chosen to illustrate Ptc2 expression at several well-characterized sites of Hh signaling activity, including Hensen's node and the early axial midline (A, B), the medial portions of somites and the developing neural tube (C), the second branchial arch and developing limb buds (D, E), developing long bones (F), and feather buds (G). Sections show comparisons of Shh and Ptc2 expression in the limb bud (H, L) and Shh, Ptc1, and Ptc2 expression in the neural tube and adjacent tissues (I-K) and the gut (M-O). Ptc2 expression in the apical ectodermal ridge of the limb bud is shown in (E) and (L). AER, apical ectodermal ridge; fb, feather buds; fl, fore limb; fp, floor plate; hl, hind limb; hn, Hensen's node; hp, head process; lp, lateral plate; no, notochord; np, neural plate; nt, neural tube; ps, primitive streak; sba, second branchial arch; so, somites; ZPA, zone of polarizing activity. 
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MATERIALS AND METHODS
cDNA Library Screening and Sequence Analysis
A 750-bp mouse Ptch2 probe obtained from Ontogeny Inc. was labeled by random priming and used to screen a random-primed cDNA library in -ZAP (Stratagene) prepared from stage-18 to -24 chick limb buds (staging here and throughout according to Hamilton and Hamburger, 1951) . Additional rounds of screening were performed by using a random-primed cDNA library prepared from stage-5 to -9 whole embryos. Sequencing was performed by using an automated ABI Sequencer, and alignments were performed by using the Jotun-Hein algorithm.
Embryo Culture, Bead Implants, and Viral Misexpression
Fertilized White Leghorn chicken eggs were obtained from SPAFAS (Norwich, CT). For bead implants into stage-5 to -6 embryos, embryos were incubated for 21-24 h in ovo and then explanted into an in vitro culture system (modified from Spratt, 1947) . Briefly, embryos were attached via their vitteline membranes to paper rings (Whatman) and cultured ventral-side up on a drop of thin albumin over a base composed of agar, glucose, and albumin. Affigel-Blue beads (Bio-Rad) soaked in Shh protein (1 mg/ml; supplied by Ontogeny) or anti-Shh antibody (1 mg/ml; a gift of T. Jessell) were prepared and implanted as described (Pagán-Westphal and Tabin, 1998) . Treated embryos were cultured for an additional 3 h at 38°C in a humidified chamber and then fixed and processed for whole-mount in situ hybridization as described below.
For embryos at later stages, surgical manipulations were performed in ovo according to standard procedures (Riddle et al., 1993) . Beads soaked in Shh protein (100 g/ml) were implanted at stage 21 and embryos were harvested after an additional 3 h in culture. For viral misexpression studies, replication competent avian sarcoma (RCAS) viruses carrying chick Shh (Riddle et al., 1993) or chick Noggin (Capdevila and Johnson, 1998) were injected into the presumptive fore and hind limb fields at stage 10 and the infected embryos were harvested between stages 22 and 24.
In Situ Hybridization
Embryos were fixed in 4% paraformaldehyde/PBS, dehydrated into methanol, and processed for whole-mount in situ hybridization essentially as described by Riddle et al. (1993) . Some wholemount stained embryos were further embedded with paraffin and sectioned by using a microtome (10-to 20-m transverse sections). Alternatively, frozen sections (20 m) were generated by using a Cryostat and processed for nonradioactive section in situ hybridization as described (Bao and Cepko, 1997) .
Digoxigenin (Dig)-labeled antisense RNA probes for Shh, Ptc1, and Fgf4 were generated from linearized DNA templates as described previously: Shh (Riddle et al., 1993) , Ptc1 (Marigo et al., 1996b) , and Fgf4 (Niswander et al., 1994) . To generate an antisense Ptc2 probe, a 1.4-kb fragment of Ptc2 coding sequence (nt 339-1774 of the published sequence) was amplified by PCR from a pBluescript clone using M13 forward and reverse primers. A Dig-labeled cRNA probe was then transcribed from the resulting fragment by using T3 RNA polymerase. To detect RCAS-infected cells, a fluorescein-labeled antisense RCAS probe was cohybridized with either Dig-anti-Fgf4 or Dig-anti-Ptc2. Samples were first processed with an AP-conjugated anti-Dig antibody and photographed and then processed sequentially with an AP-conjugated antifluorescein antibody. All whole-mount experiments were photographed with a Sony DKC5000 digital camera attached to a Leica MZFLIII dissecting microscope while sections were photographed with a Leica DC200 digital camera attached to a Nikon Eclipse E1000 microscope.
RESULTS
Cloning and Phylogenetic Analysis of Chick Ptc2
To identify novel members of the Ptc gene family in chick, we used a mouse Ptch2 probe (provided by Ontogeny Inc.) to screen a random primed cDNA library from Hamburger-Hamilton stage 18-to -24 chick limb buds under reduced stringency. This screen yielded three overlapping clones that together defined a 2076-bp open reading frame sharing 61% amino acid identity with the previously described Ptc gene from chick (Ptc1; Marigo et al., 1996b) ; we have named this new chick sequence Ptc2. This sequence was extended by an additional 338 bp on the 5Ј end and by an additional 334 bp on the 3Ј end by screening a second random primed cDNA library prepared from stage-5 to -9 whole embryos. Altogether, the 2748-bp Ptc2 coding sequence defined through these screens (Fig. 1A) contains a single large open reading frame that includes a potential initiator ATG near the 5Ј end but no in-frame stop codons upstream; on the 3Ј end, the sequence extends into the large intracellular loop between predicted transmembrane (TM) domains 7 and 8 but does not include the last five predicted TM domains or the C-terminal tail. Additional rounds of screening using these and other libraries failed to identify any additional clones corresponding to the 3Ј end of the Ptc2 coding sequence. However, the conservation of this C-terminal region in all other Ptc proteins described to date and the lack of any in-frame stop codons within the 2748-bp open reading frame together suggest that the chick Ptc2 sequence reported here represents only a partial sequence.
Comparison of the partial amino acid sequence of chick Ptc2 with other members of the vertebrate Ptc family demonstrates that chick Ptc2 is most highly related to Xenopus Ptc2 (Takabatake et al., 2000) and zebrafish Ptc1 (Concordet et al., 1996) (82% and 79% identity, respectively) . Surprisingly, the human and mouse Ptch2 sequences (Carpenter et al., 1998; Motoyama et al., 1998b) share significantly less homology with chick Ptc2 than expected (69% identity with each), given the presumed order of divergence of each of the major vertebrate classes and the high degree of homology shared between chick Ptc1 and either mouse or human Ptch1 (92 and 93% identity, respectively; Goodrich et al., 1996; Hahn et al., 1996; Johnson et al., 1996) . This phylogenetic grouping of mammalian Ptch2 sequences into a cluster distinct from nonmammalian Ptc2 sequences (Fig. 1B) could imply that the former represent a third, novel class of Ptc proteins. However, we have been unable to identify additional Ptc genes from either mouse or chick in successive screenings of multiple cDNA libraries using both mouse and chick Ptc2 probes. Similarly, we have found no additional Ptc-like sequences within any of the mouse or human genome databases. Therefore, we propose that the Ptch2 gene in mammals has been subject to distinct selective pressures since the divergence of the mammalian and avian lineages. These findings also imply that the Ptc2 gene may have evolved unique and specialized properties for the regulation of Hh signaling activity within different classes of vertebrates.
Developmental Expression of Chick Ptc2
The negative feedback loop generated by the upregulation of Ptc genes in response to Hh protein is a critical determinant of the dynamics of Hh signaling. The upregulation of Ptc genes also serves as a convenient analytical tool for identifying cells that are actively responding to Hh pathway stimulation. To evaluate whether Ptc2 might serve as a useful marker of Hh pathway activation in chick, we analyzed its expression at several well-characterized sites of Hh signaling activity within the developing chick embryo. At stage 5, Ptc2 is expressed asymmetrically in the left side of Hensen's node and on both sides of the emerging head process (Figs. 2A and 3C) in a pattern similar to Shh (Fig.  3A) , and continues to be expressed at stage 8 in the medial portion of the neural plate immediately adjacent to the developing midline (Fig. 2B) . From stage 9 onwards, as Shh expression continues in the developing floor plate and notochord (Fig. 2I) , Ptc2 expression can be seen in the ventral neural tube and in the medial halves of somites (Figs. 2C and 2K) , persisting at later developmental stages in the scleratomal derivatives immediately adjacent to the notochord (Fig. 2K) . At equivalent stages, Ptc1 is expressed in a similar pattern in the neural tube but is largely absent from the mesenchyme surrounding the notochord (Fig. 2J) .
In the developing limb buds (Figs. 2D, 2E , and 2L), Ptc2 is expressed in a region of posterior mesenchyme that overlaps with the zone of polarizing activity (ZPA), a localized source of Shh expression (Fig. 2H) . Unexpectedly, chick Ptc2 is also expressed in the posterior half of the apical ectodermal ridge (AER), a thickened strip of distal ectoderm that cooperates with the ZPA to control limb patterning (Figs. 2E and 2L) . At later stages of limb development, we also observe Ptc2 expression in the developing long bones ( Fig. 2F ; see also Hartmann and Tabin, 2000) where Ihh has been shown to play a critical role in regulating the rate of chondrogenesis (Vortkamp et al., 1996) . We also note complementary expression of Shh and Ptc2 in the developing gut (compare Figs. 2M and 2O) , where Ptc2 expression overlaps with Ptc1 (Fig. 2N ) in the mesoderm surrounding the endodermal lining of the gut. Finally, we note very localized Ptc2 staining within the second branchial arch (Fig. 2D ) and in the developing feather buds (Fig. 2G) .
To summarize, we observe strong expression of Ptc2 immediately adjacent to or overlapping with several endogenous sources of Hh signaling activity within the developing chick embryo, raising the likelihood that chick Ptc2 serves as a direct transcriptional target of the Hh signaling pathway. Finally, we note that unlike mouse Ptch2, which is expressed only at very low levels in most tissues (Motoyama et al., 1998a,b) , Ptc2 is expressed at comparatively high levels in chick and is easily detectable in a majority of Hh-responding tissues after only a short developing period,
FIG. 4. Comparison of Shh, Ptc1
, and Ptc2 expression during early limb bud development. In all panels, dorsal views of right wing buds are shown. Numbers on top of each column identify the stage of development while the labels to the left denote the in situ hybridization probe used for detection. Note both the earlier onset (stage 19) and the longer persistence (stage 25) of Ptc2 staining relative to Ptc1, as well as the distinct patterns of Ptc1 and Ptc2 expression within the distal anterior mesenchyme underneath the AER (stages 24 and 24ϩ). Also note the sub-AER mesenchyme which resists upregulation of Ptc2 but shows clear upregulation of Ptc1 (black arrowheads, stage 24), and the later downregulation of Ptc2 in the posterior distal mesenchyme (white arrowhead, stage 24ϩ). FIG. 5. Regulation of Ptc1 (A, B, E, F) and Ptc2 (C, D, G, H) expression in early chick embryos following application of anti-Shh antibodies (A-D) or recombinant Shh (E-H) protein. Application of beads soaked in a blocking antibody against Shh (red arrowheads) resulted in downregulation of both Ptc1 (B) and Ptc2 (D) expression. Control embryos exposed to an anti-Flag monoclonal antibody (white arrowheads) showed normal staining patterns for both probes (A, C). Conversely, beads soaked in the active (N-terminal) signaling fragment of recombinant human Shh protein (green arrowheads) resulted in an upregulation of Ptc1 (F) and Ptc2 (H) expression that was limited to specific regions within the treated embryos. Control beads soaked in BSA (white arrowheads) had no effect on the expression of either gene (E, G). In (A-D), beads were placed on the left side of Hensen's node, whereas, in (E-H), beads were placed on the right side of Hensen's node. However, it clear from the responses observed that the proteins we administered in this way diffused readily throughout the embryo, exposing both the left and right sides to protein. Finally, we note that in (F) the implanted bead remained in place through the end of the whole mount in situ hybridization procedure; however, in all other examples shown, the beads became dislodged during the staining procedure.
making it a very useful marker of Hh pathway activation throughout multiple stages of chick development.
Differential Responses of Ptc1 and Ptc2 to Endogenous Sources of Hh Signaling
Our preliminary analysis of the expression profile of chick Ptc2 in the developing embryo revealed a close correlation between sites of high Ptc2 expression and sites of active Hh signaling. Other vertebrate Patched genes, including chick Ptc1, have been shown to exhibit a similar dependence on Hh pathway stimulation for high level expression (Concordet et al., 1996; Goodrich et al., 1996; Marigo et al., 1996b; Lewis et al., 1999a; Takabatake et al., 2000) . Nevertheless, significant intra-and interspecies differences in the expression profiles of individual Ptc genes have been noted (Motoyama et al., 1998a,b; Lewis et al., 1999a; Takabatake et al., 2000) , prompting us to undertake a more detailed comparison of the expression patterns of the two chick Ptc genes at two well-characterized sites of Shh signaling activity: the early node and the developing limb bud.
At stage 5ϩ, Shh is strongly expressed in the nascent head process (future notochord and prechordal plate) and on the left side of Hensen's node (Fig. 3A) , where it plays a critical role in the transfer of early left/right (L/R) positional information from the node to the lateral plate mesoderm (Levin et al., 1995; Pagá n-Westphal and Tabin, 1998) . As previously noted (Pagá n-Westphal and Tabin, 1998), elevated levels of Ptc1 expression are observed at this stage along the lateral edges of the head process and in a patch of cells lateral and anterior to the left side of Hensen's node (Fig.  3B) . In contrast, the expression of Ptc2 at stage 5ϩ follows more closely that of Shh itself, with strong left-sided expression observed within the node proper and strong bilateral expression along the entire length of the head process (Fig. 3C) . We also note significant levels of Ptc2 staining within the primitive streak and in the lateral plate at this stage (Fig. 3C) . Transverse sections through whole-mount stained embryos further emphasize the differences in the expression patterns of Ptc1 and Ptc2 at these early stages. As previously noted by Levin et al. (1995) , asymmetric expression of Shh within the node is exclusively ectodermal, being confined to a small patch of cells immediately adjacent to the primitive pit (Fig. 3D ). As noted above, Ptc2 expression closely mirrors that of Shh in the node region (compare insets in Figs. 3A and 3C) , and in transverse sections through the node, Ptc2 staining colocalizes in the ectoderm with the asymmetric domain of Shh expression (compare Figs. 3D and 3F ). In contrast, the asymmetric domain of Ptc1 expression anterior to the node is confined primarily to the mesodermal layer (Fig. 3E) , where it overlaps with the expression of the two known mesodermal targets immediately downstream of Shh in the L/R signaling cascade, the TGF-␤ superfamily member Nodal (Levin et al., 1995) and the BMP antagonist Caronte Yokouchi et al., 1999; Zhu et al., 1999) . These essentially nonoverlapping domains of Ptc1 and Ptc2 expression in the node region hint at the possibility that distinct regulatory inputs govern the responsiveness of these two genes to Hh pathway stimulation.
In addition to its role in early patterning events at the node, Shh is also expressed in the posterior mesenchyme of the limb bud where it has been shown to mediate the polarizing activity of the ZPA (Riddle et al., 1993) . In this context, it has been proposed that Shh protein acts directly as a morphogen, diffusing across the limb bud to establish a posterior-to-anterior gradient of signaling activity. Among the evidence supporting this morphogen theory is the Shh-dependant upregulation of Ptc1 in the limb bud, which occurs in a posterior-to-anterior gradient extending from the ZPA outward Marigo et al., 1996b) . As noted earlier (Figs. 2D, 2E , and 2L), chick Ptc2 is highly expressed in the developing limb bud in both the posterior mesenchyme and the AER. To extend these observations, we performed a detailed comparison of Shh, Ptc1, and Ptc2 expression at a range of stages of early limb development to determine both the dynamics of upregulation and the precise expression domains of these two putative Hh target genes during the course of limb development.
At the very earliest stages of fore limb bud development, when Shh itself is barely detectable, we detect very clear upregulation of Ptc2 in the posterior limb mesencyhme (Fig. 4, stage 19) ; our ability to detect Ptc1 transcripts, by contrast, is significantly delayed relative to both Shh and Ptc2. This finding suggests that Ptc2 responds more rapidly than Ptc1 to the early production of Shh by the ZPA, possibly reflecting a lower threshold for activation for Ptc2 relative to Ptc1 within the context of the early limb. In this regard, it is interesting to note that an opposite relationship had previously been inferred on the basis of studies carried out in the early zebrafish embryo (Lewis et al., 1999a) . Subsequently, by stage 24, both Ptc genes are upregulated in a posterior-to-anterior gradient within the limb bud mesenchyme. However, while Ptc1 upregulation follows a proximal-distal path that extends anteriorly as it approaches the mesenchyme underlying the AER, Ptc2 expression is specifically excluded from this more anterior sub-AER region. This tendency of the sub-AER mesenchyme to resist upregulation of Ptc2 is evident throughout limb development from stage 22 onwards, when we begin to see a restriction of Ptc2 expression from the distal mesenchyme underneath the AER (Fig. 4, stage 22) . Finally, we see a strong reduction in Ptc1 expression by stage 25, with only the most posterior and most distal mesenchyme maintaining strong Ptc1 expression, while Ptc2 is still strongly expressed at this stage throughout the posterior half of the limb bud. We also note the appearance of a small domain in the most posterior distal mesenchyme of the limb bud where Ptc2 expression becomes downregulated at later stages (Fig. 4, stages 24ϩ and 25) .
Altogether, we observe three major differences between the expression patterns of Ptc1 and Ptc2 in the developing limb bud mesenchyme: Ptc2 is induced earlier than Ptc1, Ptc2 is resistant to upregulation in the sub-AER mesenchyme while Ptc1 is preferentially upregulated in this region, and Ptc2 expression persists at later stages of limb development after Ptc1 expression has begun to wane. Significantly, while the more rapid upregulation and the longer persistence of Ptc2 expression within the limb mesenchyme could simply indicate that it is more sensitive than Ptc1 to low levels of Hh signaling, the fact that the sub-AER cells preferentially upregulate Ptc1 and not Ptc2 implies that different regions of mesenchyme within the limb bud exhibit a differential competence to upregulate expression of these two general Hh target genes.
Differential Responses of Ptc1 and Ptc2 to Ectopic Sources of Hh Signaling
The localization of high level Ptc2 expression to sites of active Hh signaling is consistent with chick Ptc2 being a direct transcriptional target of the Hh signal transduction pathway. To test this hypothesis directly, we treated embryos at stage 5 with beads soaked in a blocking antibody against Shh (Ericson et al., 1996) . As shown previously (Pagá n-Westphal and Tabin, 1998), application of anti-Shh beads to the left of Hensen's node at stage 5 results in a strong downregulation of Ptc1 expression throughout the embryo, even at sites relatively distant from the bead (n ϭ 6; compare Figs. 5A and 5B). Similarly, we observe that Ptc2 expression is also markedly downregulated following application of the anti-Shh antibody (n ϭ 12; compare Figs. 5C and 5D), demonstrating that Hh signaling activity is necessary for normal, high level expression of both Ptc1 and Ptc2 within the context of the early embryo. We note, however, that the blocking antibody is unable to completely eliminate Ptc2 expression at the stages analyzed, particularly in the node and midline regions where the highest levels of Shh are produced, perhaps reflecting again the greater sensitivity of Ptc2 to residual levels of Hh signaling.
To determine next whether Hh signaling is also sufficient to induce Ptc2 expression, we applied beads soaked in the active signaling portion of human Shh protein to the right side of the node at stage 6. Previous studies performed in early chick embryos have shown that such treatments are sufficient to induce broad, ectopic expression of the downstream target genes Nodal and Caronte in the right lateral plate mesoderm (Pagá n-Westphal and Tabin, 1998; Rodriguez-Esteban et al., 1999; Yokouchi et al., 1999; Zhu et al., 1999) . Surprisingly, we find that the upregulation of Ptc1 following application of Shh beads is restricted to two small domains on either side of the midline just lateral and anterior to the regressing node (n ϭ 6; compare Figs. 5E and 5F). In contrast, similar treatments with Shh protein resulted in a broad induction of Ptc2 expression, particularly in the node region and in the primitive streak, but also to a lesser extent in the lateral plate and the neural plate (n ϭ 10; compare Figs. 5G and 5H). We infer from this broad induction of Ptc2 expression that the recombinant Shh protein used in this assay diffuses readily throughout the embryo, exposing the entire embryo to signal. If this assumption is correct, then it follows that individual cells in the early embryo likewise differ in their ability to upregulate transcription of these two general targets of the Hh signaling cascade. Thus, Ptc1 and Ptc2 provide distinct transcriptional readouts of Hh signaling activity in the early chick embryo, similar to what has been observed in a variety of embryonic contexts in other species (Motoyama et al., 1998a,b; Lewis et al., 1999a; Takabatake et al., 2000) .
In our analysis of Ptc1 and Ptc2 expression patterns in the developing limb bud, we observed significant levels of Ptc2 expression even at very early limb bud stages, when Shh expression is still very weak (Fig. 4) . While this might indicate that the transcriptional response of Ptc2 to Hh pathway stimulation is sensitive even to very low doses of Shh, it is possible that the upregulation of Ptc2 within the limb bud mesenchyme occurs in response to a distinct, Shh-independent signaling event. Therefore, in an effort to test whether Ptc2 expression in the early limb is dependent on Hh signaling, we attempted to block Shh signaling activity in the early limb bud by implanting beads soaked in the Shh blocking antibody; however, we consistently failed to observe any changes in the expression domains of either Ptc1 or Ptc2 following such treatments (data not shown), perhaps owing to limitations in our ability to administer sufficient quantities of antibody to interfere with endogenous levels of Shh signaling activity within the context of the developing limb.
To test in turn whether Shh is sufficient to upregulate Ptc2 expression in the limb bud, we implanted beads soaked in purified recombinant Shh protein into anterior stage 21 limb buds and examined the effect on Ptc1 and Ptc2 expression 3-6 h later. Following such treatments, we consistently observed that the boundaries of both Ptc1 (n ϭ 9) and Ptc2 (n ϭ 12) expression were expanded anteriorly compared to contralateral control limbs (Fig. 6A) , similar to what has been described previously for Ptc1 (Drossopoulou et al., 2000) . In addition, we note that Ptc2 was induced much more broadly than Ptc1 at the dose of Shh used in this assay. Altogether, the results of these early and late bead implant experiments indicate that Hh signaling is indeed sufficient to induce Ptc1 and Ptc2 expression within multiple embryonic contexts in the chick, demonstrating that both genes are general transcriptional targets of the Hh signaling cascade.
Expression of Ptc2 in the Posterior AER Is Regulated by BMP Signaling
In addition to its expression in the posterior limb bud mesenchyme, Ptc2 is also expressed during chick limb development in the posterior half of the AER (Figs. 2D, 2E , 2L, and 4). We were initially surprised by this observation, given that expression of Ptc2 in the AER has not been noted to date in any other species; morever, a direct effect of Shh on gene expression within the AER has never been described. Indeed, we have consistently been unable to observe even weak expression of Ptc1, Smo, or any of the Gli genes within the AER (data not shown; Marigo et al., 1996a,b; Quirk et al., 1997; Schweitzer et al., 2000) , suggesting that the induction of Ptc2 in the AER may be indirect. In this regard, it is noteworthy that Fgf4 is expressed in the posterior AER in a pattern very similar to Ptc2 (Niswander et al., 1994; Laufer et al., 1994) . While the expression of Fgf4 in this tissue depends critically on the activity of Shh (Laufer et al., 1994; Niswander et al., 1994) , recent studies have shown that the induction of Fgf4 is mediated indirectly through the actions of Gremlin, a member of the Cerberus/Dan family of secreted BMP antagonists (Zú ñ iga et al., 1999; Capdevila et al., 1999; Merino et al., 1999) .
To test the possibility that Ptc2 and Fgf4 are regulated in a similar fashion in the AER, we first examined whether Ptc2, like Fgf4, could be induced in the anterior portion of the AER in response to ectopic Hh signaling. Since we failed to observe any induction of Ptc2 in the AER during the 3-to 6-h time course of the bead implant experiments (Fig. 6A) , we proceeded to test the effects of long-term exposure to ectopic Shh by employing a replication competent retrovirus expressing Shh (RCAS-Shh; Riddle et al., 1993) . As expected, limb buds infected at stage 10 with the RCAS-Shh virus and examined 2 days later (stage 24) exhibited ectopic induction of Ptc2 both in the anterior portion of the AER and in the underlying limb mesenchyme (n ϭ 6; Fig. 6B ). To further compare the regulation of Ptc2 and Fgf4 within the AER, we proceeded to misexpress the BMP antagonist Noggin in the developing limb using an RCAS-Noggin virus (Capdevila and Johnson, 1998) . In every limb bud that was successfully injected, as assessed by secondary in situ hybridization to detect RCAS virus (data not shown), we observed an expansion of the anterior boundaries of both Ptc2 (n ϭ 9) and Fgf4 (n ϭ 3) expression in the AER (Fig. 6C) . In addition, while the expression of Ptc2 within the AER was consistently expanded, there was no detectable differ-ence in the mesenchymal Ptc2 expression pattern between the contralateral control limb bud and the injected limb bud following Noggin misexpression. To our knowledge, this is the first example of a Ptc gene induced in response to Hh signaling via the actions of a secondary signal, a finding which serves to highlight the complex regulatory inputs governing the transcriptional activity of individual members of the Ptc gene family within different developmental contexts in vertebrates.
DISCUSSION
We describe here the identification and preliminary characterization of a chick homolog of the Ptc2 gene. Interestingly, while Ptc1 genes are strongly conserved between mammalian and nonmammalian vertebrates, the mouse and human Ptch2 genes appear to have diverged significantly from Ptc2 homologs in zebrafish, Xenopus, and chick (Motoyama et al., 1998b; Carpenter et al., 1998; Lewis et al., 1999a; Takabatake et al., 2000; this study) . This divergence is apparent not only at the sequence level, where phylogenetic reconstructions show mammalian Ptch2 genes clustering away from other vertebrate Ptc2 genes ( Fig.  1B ; Lewis et al., 1999a; Takabatake et al., 2000) , but is also evident at the level of expression. In particular, we note that the chick Ptc2 gene and the zebrafish Ptc2 homolog (zfPtc1) share a number of similarities with regards to both the abundance and distribution of their transcripts and their dependence on Hh signaling for normal, high level expression (Concordet et al., 1996; Lewis et al., 1999a ; this study). The mouse Ptch2 gene, by contrast, is expressed only at very low levels throughout development (Motoyama et al., 1998a,b) and there are at least three tissues (developing teeth, lungs, and hair follicles) where its expression appears to be independent of Hh signaling (St-Jacques et al., 1998; Pepicelli et al., 1998; Dassule et al., 2000) . These differences imply that the Ptch2 gene in mammals may have evolved to serve a function distinct from that served by the other vertebrate Ptc2 genes. Regardless of its precise function, however, the demonstration that the Ptc2 gene in chick serves as a faithful transcriptional target of the Hh signaling cascade within a broad range of developing tissues identifies this gene as a valuable new marker for monitoring the responsiveness of cells to Hh pathway stimulation during chick development.
Our analyses of the dynamics of Ptc1 and Ptc2 expression in the early embryo and in the developing limb bud both point to the conclusion that cells stimulated equally by Shh will upregulate these two Hh targets differently depending on their position in the embryo. For example, a cell in the sub-AER mesenchyme of the limb bud will preferentially upregulate Ptc1 over Ptc2, while an ectodermal cell adjacent to the primitive pit in a stage-5 embryo will preferentially upregulate Ptc2 over Ptc1. While there are many possible mechanisms that can be invoked to explain a differential cellular response to the same stimulus, there are two that we favor and that are consistent with other previously described observations. Specifically, we propose that the differential responsiveness of Ptc1 and Ptc2 to Hh pathway stimulation in chick may be due either to modulation of the Hh response by inputs from other signaling pathways or to a bifurcation in the intracellular Hh signal transduction pathway (discussed below).
The idea that separate signaling inputs can modify the response of a cell that receives a Hh stimulus is not without precedent. For instance, it has previously been shown that FGF4 secreted from the AER acts as a competence factor that allows Shh from the ZPA to induce Hox genes and Bmp2 in the limb bud mesenchyme (Laufer et al., 1994) . This implies that there are a subset of genes that are upregulated in response to the combined signaling of Shh and FGFs together but not to either signal on its own. In addition, it has been demonstrated separately that Gli2, one of the downstream effectors of Hh signal transduction in vertebrates, also functions in FGF signaling during chick limb bud patterning (Brewster et al., 2000) . Thus, if a combination of Hh-dependent and Hh-independent regulatory inputs are responsible for the differential expression of Ptc1 and Ptc2, it follows that there are distinct cisregulatory elements in the Ptc1 and Ptc2 promoters that are at least partially responsive to other signaling pathways and/or tissue-specific transcriptional regulators. In support of this notion, we have demonstrated that at least one tissue in the chick, the AER, upregulates Ptc2 in response to antagonism of BMP proteins, indicating that the Ptc2 promoter is directly or indirectly modified by input from BMP signaling. Interestingly, an opposite relationship appears to exist between Ptch1 and BMP signaling within the mouse tooth germ, where BMP4 has been shown to induce ectopic Ptch1 expression within the dental mesenchyme (Zhang et al., 1999) . Modification of Shh signaling by BMPs has also been described for neural tissues (reviewed in Litingtung and Chiang, 2000) . Finally, biochemical evidence for an interaction between the Shh and BMP pathways comes from the observation that a truncated form of Gli3 can physically bind to Smad proteins, the downstream effectors of BMP signaling (Liu et al., 1998) .
A second possible explanation for the differential regulation of Ptc1 and Ptc2 is that a bifurcation exists in the intracellular Hh signal transduction pathway and that the Ptc1 and Ptc2 promoters are differentially regulated by the different branches of the pathway. This latter possibility is supported by a series of observations made with the chick polydactyly mutant talpid 3 (Lewis et al., 1999b) . In particular, studies indicate that in the absence of talpid 3 function, the expression of Shh in limbs is unchanged while the expression of the Hh target genes Ptc1 and Gli1 is lost, identifying the talpid 3 gene product as a component of the Hh signal transduction pathway essential for Ptc1 and Gli1 expression (Lewis et al., 1999b) . Intriguingly, however, the expression of several other Shh-responsive genes (Bmp2, Hoxd13, and Fgf4) is actually expanded in the talpid 3 mutant background, implying the existence of two distinct branches in the Hh signal transduction pathway, one that is talpid 3 -dependent and a second that is talpid 3 -independent (Lewis et al., 1999b) . Thus, it is possible that the presence or absence of the talpid 3 gene product in a responding cell could differentially affect the responsiveness of the Ptc1 and Ptc2 promoters to Hh pathway stimulation. If this mechanism were indeed responsible for some of the observations made here, then we would predict that while Ptc1 may be strictly dependent on the activity of talpid 3 for its activation, Ptc2 may have the potential to be activated in a talpid 3 -independent manner. The observation from Drosophila that different Hh target genes exhibit a differential requirement for the activity of the Ser/Thr kinase Fused, an intermediate component of the Hh signal transduction pathway (Thé rond et al., 1999; Suzuki and Saigo, 2000; Mullor et al., 2000) , lends additional support to this model, although the existence of distinct hh pathways in Drosophila still remains controversial (Mé thot and Basler, 2001 ).
While our data do not directly address possible functional differences between the various vertebrate Ptc gene products, it is worth highlighting some of the potential implications of the differential responsiveness of individual Ptc genes to Hh pathway stimulation. In the context of early L/R signaling in chick, for instance, it is noteworthy that the asymmetric upregulation of Ptc1 and Ptc2 in the node region occurs within distinct populations of cells. In particular, the upregulation of Ptc1 occurs within a cluster of mesodermal cells just lateral and anterior to the regressing node and coincides closely with the medial asymmetric domain of the Shh target gene Nodal (Levin et al., 1995; Pagá n-Westphal and Tabin, 1998) . This implies that similar cis-regulatory elements may mediate the responsiveness of these two genes to asymmetric Hh signaling within the context of the early embryo, a possibility also supported by the observation that only a very restricted region of the paraxial mesoderm is competent to respond to Shh directly by upregulating Nodal and Ptc1 expression (Pagán-Westphal and Tabin, 1998 ; this study). We suggest that this restricted competence may be critical for preventing ectopic activation of the L/R signaling cascade in response to Shh diffusion from other embryonic sites (e.g., the nascent head process). Ptc2, by contrast, is induced more broadly within the early embryo in response to ectopic Hh signal, emphasizing that this restricted competence does not reflect a general inability of cells in the early embryo to transduce the Hh signal, but rather, a restricted ability of some cells to activate the expression of a specific subset of Hh target genes. Finally, while the functional significance of the left-sided expression of Ptc2 within the ectoderm of the regressing node remains unknown, we note that several downstream components of the L/R signaling cascade have been shown to be asymmetrically expressed within specific regions of the dorsal diencephalon in zebrafish (reviewed in Capdevila et al., 2000) . Thus, the propagation of asymmetric Shh signaling within the ectoderm itself may contribute directly to the establishment of L/R asymmetry within specific regions of the developing nervous system. We have also identified one tissue, the AER, where Ptc2 may function independently of Hh signaling. As mentioned above, our lab and others have been consistently unable to detect even weak expression of other Hh signaling components, including Ptc1, Smo, or any of the Gli genes, within the AER (data not shown; Marigo et al., 1996a,b; Quirk et al., 1997; Schweitzer et al., 2000) . This suggests that Ptc2 could be playing a role in the AER that is distinct from its canonical role as an antagonist of Smo activity. A possible Hh/Smo-independent role for Ptc genes is further suggested by studies in the nematode Caenorhabditis elegans (Kuwabara et al., 2000) . In particular, while two Ptc homologs have been identified in the worm genome, there are no obvious Hh or Smo homologs, suggesting that the primary function of Ptc genes in worms is likely to be independent of Hh signaling (Consortium, 1998; Kuwabara et al., 2000) .
More broadly speaking, there are two possible ways of viewing the expansion of a single ptc gene in Drosophila into two distinct Ptc genes in vertebrates: the two vertebrate Ptc genes may perform identical roles in Hh signaling and simply act redundantly, or alternatively, each of these genes may have evolved its own specialized functions in the regulation of Hh signaling activity. With regards to the latter possibility, while it has been demonstrated that human Ptch1 and Ptch2 proteins bind to unmodified Shh, Ihh, and Dhh with virtually indistinguishable affinities (Carpenter et al., 1998) , a direct comparison of the abilities of Ptch1 or Ptch2 to affect Smo protein stability or to bind to cholesterol-modified or palmitoylated Shh has not been reported. In addition, the observation that mammalian Ptch2 genes have diverged significantly from nonmammalian Ptc2 genes further complicates the issue by raising the possibility that Ptc2 itself may have evolved to carry out distinct functions within the different vertebrate lineages. Either way, if individual Ptc proteins do exhibit a differential ability to modulate Hh signaling (by differing, for instance, in their ability to inhibit Smo activity), then the differential regulation of the two Ptc promoters could help to fine-tune the Hh response within specific developmental contexts, both within a given species and among different species. However, even if the two Ptc proteins share identical biochemical properties with regards to their ability to distinguish Hh concentrations or affect Smo activity, the differential regulation of the two promoters may still have interesting implications. Indeed, it is possible that the more flexible regulation of Ptc2 among different species could provide a mechanism for sculpting the gradient of Hh activity, allowing morphologically distinct structures such as a chicken wing, a mouse or Xenopus limb, or a zebrafish fin to be patterned using the same basic signaling system.
